Results iire presented which indicate that left ventricular end-systolic volume is determined by the force-length relationship of the ventricular muscle at the end of systole. In other words the muscle continues to shorten until it meets a certain force the magnitude of which depends on the length of the muscle fibers tit that time; when it meets this force it shortens no further. Since the end-systolic volume is an important determinant of stroke volume the suggestion is made that future studies should be directed toward measuring the effect of various influences on the forcelength relationship and the modulus of elasticity of the muscle at the end of systole in addition to studying the effects on the end-diastolic volume. I X ORDER to understand the functioning of the left ventricle as a pump it is necessary to understand the factors that regulate the •end-diastolic volume, (EDV), end-systolic volume, (ESV), and their difference, the stroke volume. As one step forward evidence will be presented that while Starling's law of the heart relates the amount, of mechanical energy set free at any beat of the heart to the length of the muscle fibers in diastole, the degree of shortening of the muscle at the end of systole is determined by the force-length relationship of the •contracted muscle.
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The data reported in this paper were obtained at the same time and on the same dogs, subjected to plethora and hemorrhage, as reported in the previous paper 1 using the same methods.
RESULTS

Relationship Between ESV and Stroke Volume.
Results similar to those shown in figure 1/1 were obtained in 11 of 12 dogs studied. As the (ESV) increased, following the production of plethora, the stroke volume became larger; and as the ESV decreased, following hemorrhage, the stroke volume diminished. There was considerable scatter of the data in all experiments as shown.
Relationship Between ESV and Stroke Work. As the ESV increased the stroke work became greater up to a point beyond which further increase in ESV was associated with little or no change in stroke work as shown in figure \B. It will be noted that there was considerable scatter of the data. Results similar to this were obtained in 6 of 12 dogs. In the remaining dogs the stroke work rose as the ESV increased throughout the entire range of the experiment.
Relationship Between ESV and Systolic Pressure, Diaslolic Pressure, and Pulse Pressure. The results of a typical experiment on one dog are shown in figure 2.4. As the ESV increased the left ventricular peak systolic pressure became higher. After a certain large value of ESV was reached further increase in ESV was associated with no further consistent change in systolic pressure. Results similar to this were obtained for femoral diastolic pressure and femoral pulse pressure as well as for total arterial pressure area per beat. Similar results were obtained in all 12 dogs studied.
Relationship Between ESV and. End-Systolic Force. Studies reported in the previous paper the data presented in figures 1.4, B, and 2 A. no simple relationship exists between the ESV and the stroke volume, stroke work, or arterial pressure. However, when the tension in the wall of the left ventricle at the end of systole is calculated by the method of Laplace, assuming the ventricle to be a sphere, and the tension plotted against the ESV of the ventricle, results such as that shown in figure 2B are obtained. This method gives the tension that would exist in an equivalent thin-walled sphere whose circumference was the same as the internal circumference of the left ventricle of the dog.
CALCULATION'S
The equation of Laplace for the calculation of the tension in a sphere is: T = PR/2* * T = tension in Gm./om.; P = pressure in the left ventricular cavity at the peak of systole in When the tension is plotted against the internal circumference of the ventricle, for the data shown in figure 2B , the results obtained are shown in figure  2C . It will be seen from such a plot that the tension increases with the circumference and that there is not a great deal of scatter of the data,. This tension is the force exerted in the wall of the sphere perpendicular to a line 1 cm. long, and tending to pull the ventricle apart along this 1 cm. of the circumference. Thus it is the resultant force exerted by all of the muscle fibers in the wall of the ventricle that cross 1 cm. length of the circumference. When the ventricle is distended the circumference of the ventricle becomes larger and the thickness of the muscular wall decreases.
2 Therefore the number of muscle fibers crossing an area bounded by the thickness of the ventricular wall and 1 cm. of the circumference will be smaller when the ventricle is distended. Thus the tension calculated for the distended ventricle is that of a smaller number of muscle fibers than when the tension is calculated for the same ventricle when it is smaller. In order to calculate the resultant force, F, perpendicular to any circumference, exerted by all of the muscle fibers crossing anj' circumference of the ventricle, it is necessary to multiply the tension, T, by the circumference, C, as in the equation:
F = TC
In this way one obtains the total force exerted by all the muscle fibers crossing any circumference and this number of fibers is the same for a given left ventricle whether the ventricle is small or distended. This calculated force is, of course the same for any circumference of the ventricle assuming that the ventricle is a sphere. When this is done for the data shown in figure 2C , the results shown in figure 2D are obtained. It is seen in this figure that as the end systolic force increases, the circumference, or length of the ventricular muscle, increases in a linear fashion. The equation of this line is:
The force, F, is expressed in kilograms, and the length, L, in centimeters. The standard deviation of F, from the regression of F on L, in this experiment was ±0.21 Kg. Results similar to this were obtained in all dogs. The slopes of the lines, in the 12 dogs studied, calculated by the method of least squares, with the intercepts on the length, L, and force, F, axes, and the standard deviation of the force from the regression of the force on the length are given in table 1.
Thus, at the end of systole, the length of the ventricular muscle is directly proportional to the force stretching the muscle. This means that the ventricular muscle at the end of systole obeys Gm./em. Hooke's law, which states that in an elastic body stress is proportional to strain. Since the ventricular muscle obeys Hooke's law we can calculate the modulus of elasticity, E, of the muscle at the end of systole. The equation for calculating Young's modulus of elasticity, which is expressed in the dimensions force/cm. ; F = force stretching the muscle in dynes; L = resting length of the contracted muscle in cm.; in figure 2D it is the value of the intercept on the length axis; A. = cross section of muscle in cm. 2 ; in figure 20 it is the value of the cross sectional area of the left ventricular muscle at any circumference when the muscle has an internal circumference, L, equal to the value of L where the line intercepts the L axis; At = increase in the length of the muscle, expressed in cm., resulting from the applied force, F.
product of the modulus of elasticity and the cross section area, that is, EA, which is the same thing as defining the modulus of elasticity of the ventricle in terms of force per total cross section of the ventricular muscle at any circumference. In this case the above equation for calculating E is used and the value of unity is substituted for A. When this is done for the data shown in figure 2D , the value is 4.8 Kg., per total muscular cross section. The results obtained in all experiments showing a range of from 1.3 to 7.1 Kg., of the product EA are given in table 1. The numerical value of EA is the value of the intercept of the above line on the force axis, without regard to sign; while the intercept on the length axis is the value for the length (or circumference) of the left ventricular muscle in the contracted state when it is being stretched by zero force. Thus it appears that under the conditions of our experiments, the ESV is determined by the force-length relationship of the ventricular muscle and that after the beginning of systole the ventricular muscle continues to shorten until the force opposing further shortening of the muscle is equal to a certain value, depending on the length of the muscle fibers at that instant, and that the muscle will not shorten beyond this Value of b is the intercept on the /•' axis which is, without regard to the negative sign, the numerical value of the product of the modulus of elasticity and the cross sectional area, EA , of the left ventricular muscle at the end of systole. It has the dimensions of kilograms. U is value of the intercept on the length axis and is the value of the circumference that the contracted ventricular muscle would have when the vent riclc was distended with zero force. »i is the slope of the line, s is the standard deviation of F from the regression of F on L. Force, /''. Kg.; length, /, cm.
For purposes of cross reference the data in the above table is listed in the same order as the dogs are listed in table 1 in the preceding paper 1 except that dog no. 12 has been deleted from the above table.
length. This is similar to what happens in the isotonio contraction of skeletal muscle. 3 In view of the evidence of Rushmer 4 that the left ventricle more nearly approaches a cylinder than a sphere, it would be better to make the above calculations for a cylinder than for a sphere. Since the Laplace equation for tension in the wall of a cylinder differs from that of a sphere only by a factor of 2, the equation for a cylinder being: T = PR the results calculated for a cylinder would differ from that of a sphere only by a constant factor of 2. However, in considering the left ventricle as a cylinder, the calculation of the tension along a line parallel to the ends of the cylinder presents some difficulty, and in view of this it was felt to be more desirable at the present time to calculate the tension assuming the ventricle to be a sphere.
Also, it is desirable to take into consideration the thickness of the wall of the ventricle instead of calculating the force in the wall of an equivalent sphere whose circumference is equal to the internal circumference of the left ventricle. Since in these experiments we do not have data on the weight of the left ventricle or data, on the thickness of the wall of the left ventricle this calculation was not possible. DlSCUSSIO.N The data presented here which show that the ESV is determined by the force acting on the ventricle at the end of systole is of particular interest because it defines one of the factors that determines the stroke volume. Insofar as I am aware, prior to the studies reported here, no one has shown in either the frog, turtle, or mammalian heart that once the ventricle starts to contract it continues to shorten until it encounters a certain force, depending on the length of the muscle fibers at that time, and when it meets this force it shortens no further. Kozawa 5 and Doi, 6 showed in the turtle heart that the pressure developed in the isometrically contracting heart was greater the greater the diastolic volume of the ventricle, further that in the contracting turtle heart the ESV remained constant when the systolic arterial pressure was maintained constant but the stroke volume and EDV were increased by a greater venous inflow. Kozawa pointed out that in the mammalian heart-lung preparation studies of Patterson, Piper and Starling 7 the results differed from the above in the turtle heart in that the ESV increased when the mean arterial pressure was kept constant but the venous inflow was increased. The reason for this was that while Patterson, Piper, and Starling kept the mean arterial pressure constant, the nature of the artificial arterial resistance was such that the systolic pressure increased, and the diastolic pressure decreased. This rise in systolic pressure caused the ESV to increase. Patterson, Piper, and Starling discussed this possibility. Kozawa stated that when the arterial pressure was increased, but the venous inflow maintained constant, both the ESV and the EDV increased in the turtle heart; however, he gave no data indicating the quantitative changes in these two factors.
Since the ESV is determined by the forcelength relationship of the ventricular muscle it appears that this property of heart muscle is of primary importance in the regulation of the stroke volume and work of the heart. These HOLT 2S5 data show that the left ventricular muscle at the end of systole obeys Hooke's law and are in agreement with the work on isolated strips of frog heart muscle 8 which showed a linear relationship over a wide range between the length of the muscle fibers and the force of contraction. They are also consistent with studies on skeletal muscle 3 which indicate that the degree of isotonic shortening is approximately proportional to the stretching force.
The values for the modulus of elasticity calculated for these experiments gives the modulus in terms of force per total cross section of the heart muscle instead of force/cm. 2 which is the customary way of expressing Young's modulus. In order to see whether the modulus of elasticity that we have calculated for the dog's left ventricle is of the same order of magnitude as that reported by Lundin 8 for strips of frog ventricular muscle, we have estimated the cross sectional area of the left ventricle from the estimated weight of the dog's heart in one experiment. When this was done for the data given in figure 27 ), calculating the cross sectional area when the internal circumference is at the minimal value where the line in figure 27) intercepts the length axis, the value for the modulus of elasticity, E, is 0.2 X IO B dynes/cm. 2 This is twice the value reported by Lundin 8 for strips of frog ventricular muscle. Preliminary calculations of the modulus of elasticity per square centimeter of the ventricular muscle, assuming certain reasonable values for the thickness of the ventricular wall, considering the ventricular wall to be made up of a series of spherical concentric shells of muscle, indicates that the modulus of elasticity is approximately three times the modulus calculated for the equivalent thinwalled sphere.
There is ample evidence, including that presented in the previous paper, 1 which supports Starling's law to the effect that the larger the end diastolic volume of the ventricle the greater the energy of the contraction of the ventricular muscle. However, this does not mean that the mechanical work performed by the heart is directly proportional to the enddiastolic volume. For, as in the case of an isometric contraction of the left ventricle the physical work performed by the ventricle may be totally unrelated to the energy of the myocardial contraction. Likewise, in the light of the above regulatory mechanism for the ESV it is clear that the physical work of the heart may be quite unrelated to the energy released by myocardial contraction. Therefore Starling's law defines the limit of what the ventricle can do; while the force-length relationship of the ventricular muscle at the end of systole defines what the ventricle does do.
In over half of our experiments, after the final hemorrhage, the arterial pressure was very low for a number of minutes before death. At this time the force-length relationship of the ventricular muscles at the end of systole had changed; the points were always to the right of the line shown in figure 27 ). In other words the modulus of elasticity of the ventricular muscle was decreased, presumably as a result of the poor blood supply to the muscle.
The "failing" heart is generally considered to be one in which further increase in diastolic volume is associated with a decrease in stroke volume or arterial pressure. It should lie pointed out that this is not necessarily the case. In an elastic sphere which obeys Hooke's law the total force developed when the sphere is stretched (as during systole in figure 27) ) is a function of the square of the radius, while the pressure developed within the sphere is a function of the radius to the first power. As a result an increase in the circumference resulting from stretching the sphere, while associated with a linear increase in the force tending to hold the two halves of the sphere together, is associated at first with a rise in pressure within the sphere and then a fall in pressure. This is shown theoretically in figure 3 in which the forcelength taken from figure 27) is plotted as a dotted line. The force is equal to PirR on the TTR 2 and P lines for that particular circumference. Thus it is clear that the pressure may decrease with further stretching of the sphere although the sphere obeys Hooke's law over the entire range of the stretch. It would iippear that the failing heart is one in which the modulus of elasticity of the contracted muscle lias decreased, or one in which the slope of the force-length line, as shown in figure 3 , has changed. It is desirable that studies of the failing heart in the future be directed toward evaluating the degree of failure from this standpoint.
Because of the evidence presented here that the force of ventricular contraction is measured by the force-length relationship of the left ventricular muscle at the end of systole, and in view of the fact that the EDV may vary greatly with only a small change in the enddiastolic pressure 1 it appears that in the future, studies of the effect of drugs, nerve stimulation, etc., on the left ventricle should be directed toward measuring the effects of these influences on the force-length relationship of the left ventricle at the end of systole in order to learn how they affect the modulus of elasticity of the contracted ventricular muscle, as well as studying the effect of these influences on the end-diastolic volume of the left ventricle. Since the evidence presented indicates that the ESV is determined by the force-length relationship of the ventricular muscle at the end of systole, the factors which regulate the EDV become of considerable interest in understanding the regulation of stroke volume. At present all that is known is that an increase in blood volume increases the EDV and hemorrhage decreases the EDV.
SUMMARY
Evidence is presented that in the anesthetized closed-chest dog, subjected to plethora and hemorrhage, the end-systolic volume is determined by the force-length relationship of the contracted ventricular muscle. At the end of the period of isometric contraction the ventricular muscle shortens until it encounters a certain force, the magnitude of which depends on the length of ventricular muscle at that time; when it meets this force it shortens no further. There is a linear relationship between the length of the ventricular muscle at the end of systole and the force stretching the muscle at the end of systole. A method of calculating the modulus of elasticity of the ventricular muscle in terms of force per total, cross section of muscle is described. It is suggested that future studies be less concerned with the effects of various influences on the enddiastolic volume, and be directed toward studying the effects of such influences on the modulus of elasticity and the force-length relationship of the contracted ventricular muscle.
SUMMARIO IN T I N T E I I L I I Y G U A
Es presentate datos que indica que in anesthesiate canes a thorace claudite que es subjicite a plethora e hemorrhagia, le volumine termino-diastolic es determinate per le relation de fortia a longor in le contrahite musculo ventricular. Al fin del periodo de contraction isometric le musculo ventricular se accurta usque illo incontra un certe fortia de un magnitude determinate per le longor del musculo ventricular a ille momento. Quando illo incontra iste fortia, illo cessa accurtar se. II existe un relation linear inter le longor del musculo ventricular al fin del systole e le fortia que extende le musculo al fin del systole. Es describite un methodo pro calcular le modulo de elasticitate del musculo ventricular con reierentia al fortia per le total section transversal del musculo. Es recommendate que studios futur se concerne minus con le effectos de varie influentias super le volumine termino-diastolic e se concentra plus tosto super le investigation del effectos exercite per tal influentias super le modulo de elasticitate e le relation de f'orta a longor del contrahite musculo ventricular.
